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ABSTRACT 
This repor t  descr ibes  resu l t s  of t e s t s  conducted to  determine 
i f  r ada r  reflective chaff injected at the wing t ip  of an  a i r c r a f t  would be 
ingested into the vortex s t ruc tu re  and sufficiently dis t r ibuted to  allow 
velocity profiles to  be measu red  by a Doppler r ada r .  
presented i n  the f o r m  of flow f ie ld  
of r ada r  re turns .  
The resu l t s  a r e  
visualization resu l t s  and an analysis 
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1. IN T RODU CT ION 
Predict ions of the charac te r i s t ics  of the wing-tip vort ices  generated 
by l a rge  a i r c ra f t ,  especially the i r  position, maximum azimuthal velocit ies 
and dissipation r a t e s ,  have assumed increasing importance in connection 
with wake encounters in  the te rmina l  zones around m a j o r  a i rpor t s .  This 
is par t icu lar ly  t r u e  when a i r c r a f t  of substantially different s i ze  a r e  requi red  
to  operate  in  c lose proximity during approaches and depar tures .  
wake predictions requi re ,  however, the existence of a suitable analytical  
model  and th i s ,  in  tu rn ,  depends on the availabil i ty of accura te  experimental  
measurements  of vort ices  generated under var iable ,  but closely controlled 
conditions. 
of the wing-tip vortices,  but a l so  those which or iginate ,  fo r  example,  at the 
ends of the flaps o r  at the wing-body juncture.  
Accurate  
Such measurements  mus t  take into account not only the presence  
Various measu remen t  schemes have been proposed and applied 
in  previous p rograms ,  usually with a l imited degree  of success .  
methods have included low-altitude t e s t s  ” 
made  as the vort ices  drifted past  highly instrumented towers ,  as well as 
high altitude tes t s  3 y  4 y  5 9  
s eve ra l  disadvantages associated with these d i rec t  probing techniques. 
Tower mounted probes can generate  significant dis turbances in  the vort ices  
as the co re  passes  over  the tower. 
interpretat ion of detailed, localized measurements .  In addition, it is 
difficult to  repeatedly and consistently cause  the vort ices  to  dr i f t  over  the 
towers at a given t ime  af te r  passage of the airplane.  
tower were  exceptionally tall, all measurements  would necessa r i ly  be made  
while the vort ices  w e r e  i n  ground effect. 
changes in  the dissipation and break-up phenomena, especially i f  the t e s t s  
w e r e  conducted i n  the presence  of crosswinds o r  low-level turbulence. 
These 
i n  which measurements  w e r e  
involving flights d i rec t ly  into wakes. The re  a r e  
This leads to  some  uncertainty in the 
Finally,  unless the 
This m a y  lead to  significant 
Airborne measurements  a r e  general ly  made  by flying one a i r c r a f t  
into the wake of another. Besides the obvious problem of accurately locating 
the center  of the wake, the measurements  m u s t  be  co r rec t ed  to account for  
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the motions,  often l a rge ,  induced on the penetrating a i rc raf t .  The extent 
to  which the wake is dis turbed by the penetrating a i r c r a f t  i n  the process  
of making the measu remen t  is unc lear ,  and has  usually not been considered. 
Because of the difficulties associated with the methods discussed 
above, an al ternat ive technique designed to provide an  in te r fe rence- f ree  
measu remen t  a t  re la t ively long distances and high alt i tudes has  been con- 
ceived. This technique uti l izes a high resolution, coherent  puls e-Doppler 
r a d a r  to m e a s u r e  the position and velocity of r a d a r  chaff injected d i rec t ly  
into the flow near  the wing t ip  of an a i r c ra f t  in  flight. 
w e r e  to be entrained and held by the vor t ices ,  knowledge of the chaff behavior 
would lead d i rec t ly  to  an  understanding of the behavior of the vort ices .  
If the chaff par t ic les  
The success  of the method depends on satisfying two bas ic  c r i t e r i a .  
F i r s t ,  the chaff which is injected into the wake mus t  have adequate r a d a r  
reflectivity to  pe rmi t  the r ada r  measurements .  Second, the chaff m u s t  
r ema in  in the high velocity region of the vortex long enough to allow the 
velocities , positions and dissipation ra tes  of the vort ices  to  be determined. 
These a r e  somewhat conflicting requirements .  
taken in o r d e r  to develop a background with regard  to these  c r i t e r i a  and 
establ ish the feasibil i ty of the proposed measu remen t  technique. 
question to be answered dealt mainly with the interact ion of the chaff with 
the vortex. Specifically, information was sought regarding the ability of a 
wing t ip vortex to  entrain and hold chaff so  that radar measurements  could 
be  made  on the vortex. The study was,  of necess i ty ,  l a rge ly  experimental .  
That  i s ,  s ince the bas ic  mathematical  model of the vortex flow is still 
r a the r  in doubt, the resu l t s  of a purely analytic study would be of margina l  
value. Therefore ,  a d i rec t  flight t e s t  p rogram,  utilizing an existing s h o r t  
pulse Doppler r a d a r ,  was undertaken. 
obtained by the study, 
The present  study was under- 
The basic  
This repor t  descr ibes  the resu l t s  
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2. ANALYTICAL CONSIDERATIONS 
I t  is wel l  known that a fo rce  mus t  be  continuously applied t o  a body 
in  o r d e r  to cause  it to follow a curved (i. e. , inwardly acce lera ted)  path. 
In the c a s e  of a pa rce l  of air t ravel ing around a nea r ly  c i r cu la r  path in  a 
vor tex ,  this n e c e s s a r y  inward fo rce  is supplied by the existing p r e s s u r e  
gradient.  
into such a vortex pa t te rn ,  its t r a j ec to ry  would not follow that  of the air. 
That  i s ,  i f  the par t ic le  w e r e  heavier  than air, it would tend to  be  thrown 
outward. If i t  w e r e  l ighter  than air, say ,  f o r  instance,  a helium-fil led 
balloon, it would be  forced inward. A t  first glance,  then, it would s e e m  
that  solid chaff par t ic les ,  many t imes  heavier  than air, could never  r ema in  
c lose  to  the center  of a vortex. 
genera l ,  as is demonstrated through observations of natural ly  occurr ing 
vor t ices .  In  pa r t i cu la r ,  tornadoes,  dust  devils , and waterspouts  can pick 
up and en t ra in  l a rge  solid objects o r  par t ic les  fo r  long lengths of t ime. 
These  par t ic les  often appear  to rotate  about the axis of the vortex in  a 
c i r cu la r  motion, forming a cylinder about the core .  This implies  that 
ce r t a in  stable, d i sc re t e ,  orbi ts  mus t  exis t  fo r  these par t ic les .  In addition 
to  drawing these par t ic les  inward, the vort ices  a r e  often seen  to acce le ra t e  
the objects axially. These two motions in  the vortex,  i. e. , the radial  inflow 
associated with the init ial  inward motion of the par t ic les  and motion along 
the axis, a r e  intimately connected. Unfortunately, they a r e  often ignored 
in  simplified models of the flow. 
that the i r  exis tence is unimportant when considering the detailed behavior 
of the vort ices .  
a wing-tip vortex,  the rad ia l  inflow becomes a c ruc ia l  factor.  
inflow 
allows the par t ic les  to be entrained by the wing-tip vortex.  
is well  i l lus t ra ted ,  fo r  instance,  by the behavior of dense smoke par t ic les  
n e a r  a vortex. 
pe r s i s t ence  of the axial and rad ia l  motions as smoke is drawn into the regions 
n e a r  the core .  
If a test par t ic le  with a density different than air w e r e  injected 
However, this conclusion i s  not t r u e  in  
However, this should not be taken to imply 
In studying the interact ion of chaff par t ic les  with the flow in 
It is this 
which 
This phenomenon 
and the associated d rag  it produces on the chaff par t ic les  
i Recent NASA films str ikingly demonst ra te  the s t rength  and 
3 
The centrifugal fo rce  acting on such par t ic les  can be related to the 
observed motion of the par t ic le  as  follows: 
H e r e ,  F i s  the centrifugal force ,  b d  , the weight of the par t ic le ,  
b$ , the instantaneous tangential  velocity, /Z , the instantaneous radius of 
cu rva tu re ,  and 7 , the accelerat ion of gravity. 
If the par t ic les  a r e  moving around the vortex in a s teady c i r cu la r  
path,  the centrifugal f o r c e  mus t  jus t  be  balanced by the drag force  produced 
by the relat ive motion of the inwardly spiral ing a i r ,  i. e. , 
H e r e ,  i s  the drag ,  4 , the a i r  density,  4 , the inward rad ia l  
component of the relat ive velocity, 
appropriate  a rea .  
velocity to the te rmina l  velocity of the par t ic le .  
falling at i t s  t e rmina l  velocity, i t s  drag jus t  equals its weight. 
changes in  the drag coefficient as  a function of velocity, the drag mus t  va ry  
a s  the square  of the velocity. 
ea, a drag coefficient, and A , an 
This expression can be  simplified by relating the relat ive 
That i s ,  when a par t ic le  i s  
Ignoring 
Therefore ,  the drag can be given by 
where  i s  the te rmina l  velocity. 
Using equation ( 3 ) ,  the balance of forces  can be wri t ten 
Combining equations (4) and (1) 
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This expression re la tes  the requi red  par t ic le  te rmina l  velocity f o r  
a c i r cu la r  motion to  the tangential  and inward rad ia l  velocity components. 
However, this c r i t e r ion  must  be supplemented by a fu r the r  c r i t e r ion  dealing 
with the s tabi l i ty  of such a balance of forces .  That i s ,  unless the par t ic le  i s  
in  s table  equilibrium, a uniform c i r cu la r  motion will  never  resul t .  
The existence of a mechanism to provide the required s table  orb i t s  
observed in  prac t ice  i s  suggested by the experimental  work  of Ying and 
Chang. They show that in  a laboratory-generated vortex,  the maximum 
radia l  inflow velocity occurs  at a l a r g e r  radius than the maximurn tangential 
velocity. This si tuation i s  i l lus t ra ted  in the following sketch: 
TAhZEIVTIAL AND RADIAL VELOCITIES IN A VORTEX AS A 
FUNCTION OF RADIUS (YING AND CHANG) 
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Consider  the behavior of a par t ic le  placed in region A .  If at A, 
the t e rmina l  velocity is  such that Equation (5) is sat isf ied,  the f o r c e s  on 
the par t ic le  will  be instantaneously balanced. Now, suppose the particle 
moves to a l a r g e r  r a d i u s , A z .  
d e c r e a s e s ,  hence,  the centr i fugal  fo rce  d e c r e a s e s .  (This  d e c r e a s e  is  
fu r the r  enhanced by the increase  in radius .  ) A t  the same t ime,  the r ad ia l  
inflow velocity and the d r a g  on the par t ic le  increase .  
centr i fugal  fo rce  d e c r e a s e s  and the (inwardly d i rec ted)  d r a g  inc reases ,  the 
par t ic le  exper iences  a net  inward, o r  res tor ing ,  fo rce .  The converse  is 
t rue  if the par t ic le  had moved to a smaller rad ius ,  s a y d 3 .  
not necessa r i ly  be the only region where  such a stable orb i t  is possible.  
In fact ,  using the analyt ical  express ions  given by Ying and Chang f o r  the 
velocity components,  one finds s table  orb i t s  at  any radius  where  the 
par t ic le ' s  t e rmina l  velocity is such that Equation (5) is sat isf ied.  
the express ions  of Ying and Chang m a y  be s l igh t ly  idealized, they lend 
support  to  the idea tha t  stable orbi ts  m a y  be found over  la rge  regions in the 
vortex.  
obtained at the Cornel1 Aeronaut ical  Labora tory  which have shown that  v e r y  
thin f i laments  a r e  entrained b y  a vortex genera ted  in a 4 foot d i ame te r  
chamber .  
W e  see tha t  the tangential  velocity 
Therefore ,  as the 
Region A m a y  
Although 
Additional evidence includes yet  unpublished r e su l t s  recent ly  
In s u m m a r y ,  chaff par t ic les  with a t e rmina l  velocity which is low 
enough to  sat isfy Equation (5) could be held in the vortex by the inwardly 
d i rec ted  r ad ia l  velocity component. A s  long as  the velocity profiles are 
such that,  with a n  increase  in rad ius ,  the centr i fugal  fo rce  d e c r e a s e s  m o r e  
rapidly than the d r a g  due to  the inward velocity,  the balance of f o r c e s  is  
s table  and the chaff par t ic les  should rotate  steadily about the vortex. 
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3. EXPERIMENTAL APPARATUS 
The exper iments  to  be d iscussed  in the following sect ions made  
use  of a s h o r t  pulse, coherent  Doppler r a d a r  developed b y  Cornel l  
Aeronaut ical  Labora tory  under Labora tory  support .  
r a d a r  was  located at the Corne l l  r ada r  f a c i l i t y  in Newstead, New York. 
During the tests, chaff was  dispensed f r o m  the wing t ips of an  Aztec aircraft 
owned and operated by CAL. 
d i rec ted  r a d a r  b e a m  at low alt i tude in such  a way that  the chaff-vortex 
sys t em would d r i f t  back  over the r a d a r ,  The behavior of the chaff was  
then studied in detai l  as  it moved through the beam. A m o r e  extensive 
discussion of each  of the exper imenta l  f ac to r s  is given in the following 
sect ions.  
F o r  these t e s t s ,  the 
The a i r c r a f t  flew through the ver t ical ly  
A .  Shor t -Pulse  Doppler Radar  
The impor tan t  cha rac t e r i s t i c s  of the s h o r t  pulse Doppler r a d a r  
used in this investigation are  summar ized  in Table  1. 
descr ipt ion of the r a d a r  s y s t e m  can  be found in the above reference.  
block d i ag ram is shown in F igu re  1. 
r a d a r  was used to  m e a s u r e  the backsca t te r  f r o m  chaff par t ic les  occupying 
th ree  independent range ce l l s ,  as i l lustrated in F igu re  2. The s h o r t  pulse 
(” 
resolut ion of approximately s i x  inches. 
is de te rmined  by the beamwidth of the r a d a r  antennas ( lo ’ ) ,  the depth of the 
r a d a r  resolut ion ce l l  (1 /2 f t ) ,  and i ts  range.  
used was  50 feet. 
upward and each  range gate  swept a d is tance  of 50 feet during a one-second 
time period. Thus ,  during one sweep the th ree  range  gates  covered  adjoin- 
ing alt i tude intervals  extending f r o m  75 to 125 fee t ,  125 to 175 feet, and 175 
to  225 feet respectively.  
at a frequency of 50  kHz. 
amplitude of the received,  Doppler -shifted,  microwave signal. Doppler 
A m o r e  detailed 
A 
F o r  the t e s t s  descr ibed  h e r e ,  the 
1 nanosecond) t r ansmi t t e r  and r ece ive r  range  gating provided a range 
The volume of each  resolution cell 
The range gate separat ion 
F o r  these  t e s t s ,  the antennas w e r e  pointed ver t ical ly  
The output s ignal  f r o m  each  range gate is centered  
The amplitude of the s ignal  is proportional to  the 
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sh i f t  is ref lected as a frequency sh i f t  of the output s ignal  f r o m  a s table  50 
kHz r e fe rence  frequency. 
s tab le  c r y s t a l  controlled sources .  
the tests w e r e  recorded  on magnetic tape together with a range sweep timing 
s ignal  and the 50 kHz re fe rence  signal. 
timing s ignal  (1 Hz sweep rate) provides the n e c e s s a r y  information f o r  
cor re la t ing  the recorded  r a d a r  range gate outputs with the range gate 
positions. 
Doppler sh i f t s  of the rece ived  signal. 
The latter is genera ted  in the r a d a r  using frequency 
The outputs of the th ree  range ga tes  during 
Upon playback, the range sweep 
The 50 kHz s ignal  provides the r e fe rence  for  determining the 
A s  indicated e a r l i e r ,  the r a d a r  t a rge t s  in these tests cons i s t  of 
individual scatterers (chaff) Located within the th ree  r a d a r  range cells. 
the scatterers w e r e  s ta t ionary in space and if the range cel ls  w e r e  not being 
swept,  the received s ignal  would be constant  in amplitude.  With a sweeping 
range gate ,  the s ignal  v a r i e s  in amplitude according to the varying numbers  
of s c a t t e r e r s  dis t r ibuted within the r ada r  range ce l l  at any par t icular  t ime. 
The maximum frequency of these amplitude or  envelope var ia t ions will ,  
with a sweep rate of 50 ft/sec and a range ce l l  width of 0. 5 feet ,  be  l imited 
to  approximately 100 Hz. 
If 
If, in addition, the s c a t t e r e r s  in the r a d a r  range cell  are  in motion 
relat ive to  one another ,  then the r a t e  at which the relat ive phases of the 
scatterers change will  produce additional f luctuations in the intensity, o r  
the envelope, of the received signal. 
r a d a r  s ignal  c r o s s e s  i ts  average  value gives a n  indication of the width of 
the velocity spec t rum of the s c a t t e r e r s .  This  width can  be approximated 




H e r e  & is the s tandard  deviation of the velocity spec t rum,  N o  
is the mean  rate a t  which the s ignal  envelope c r o s s e s  i ts  average  value,  
and When the scatterers in the range cell 
a l s o  have a "mean" velocity with r e spec t  to  the r a d a r ,  the received s ignal  
wil l  of c o u r s e  exhibit  a Doppler shift corresponding to  the mean  velocity,  
is the r a d a r  wavelength. 
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B. Chaff and Chaff Dispensing Apparatus  
The chaff used  f o r  these tests consis ted of cyl indrical  f i laments ,  
o r  dipoles,  of four different  d i ame te r s .  
mately one-half wavelength long, at  X-band,in o r d e r  to  maximize  the i r  
r a d a r  reflectivity.  
The chaff on the far left had a d i ame te r  of 3 . 5  mils and consis ted of nylon 
f i laments  coated with a thin layer  of s i lver .  A s  seen ,  the bundles,  which 
contained approximately 45,000 individual f i l aments ,  w e r e  loosely held by  
a paper  band. 
f iberg lass  f i laments .  
of 1. 5, 1 .0  and 0. 7 mils respectively.  
packed, as i l lustrated by  the partially expanded bundle of 1 .5  mil chaff shown 
at the bottom of the figure.  
Al l  of the dipoles w e r e  cu t  approxi-  
The  four  different  s i z e s  of chaff a re  shown in F igu re  3 .  
I 
The th ree  chaff bundles on the right contain aluminum coated 
Each bundle contains 115,000 f i laments  with d i a m e t e r s  
These  bundles w e r e  r a the r  tightly 
The  chaff f i laments  had measu red  t e rmina l  velocit ies which var ied 
as follows: 
Diameter  (mils) 
3 . 5  
T e r m i n a l  Velocity (fps) 
2.0 
1 . 5  1 .0  
1 .0  0 . 7  
0 . 7  0 . 5  
The  near ly  l inear  dependence of the t e rmina l  velocity on chaff 
d iameter  is due to the d e c r e a s e  of the d r a g  coefficient as  the Reynolds 
number inc reases  in this range.  
Initially, the chaff was  ejected by three  identical d i spense r s ,  one 
of which is shown in F igu re  4. 
motor  through a rack-pinion gea r  a s sembly ,  forced  the chaff f r o m  b a r r e l s  
which w e r e  screwed into place at the end of the channel. 
inside-diameter  l i ne r s  w e r e  preloaded with the appropr ia te  s ize  chaff bundles 
and then held in place inside the l a rge  barrels by se t - sc rews .  The chaff was  
loaded by dropping the wrapped bundles into the slightly overs ized  l i n e r s  and 
then unwinding the binding s t r ing  by pulling on one end. 
of the appara tus  w a s  mounted inside the wing t ip  of the A z t e c .  
In this device,  a piston, dr iven by a n  electric 
The th ree  different  
The m a j o r  portion 
The b a r r e l s  
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w e r e  then screwed into place during the tests by  inser t ing them through the 
dispensing ports  in the upper sur face  of the wing. 
t h ree  dispensing ports  is shown in F igu re  5. 
mately two-thirds of a chord  length f r o m  the leading edge with the outermost  
p o r t  15 1/2" in f r o m  the wing tip. This  location was  selected on the basis of 
flight tests utilizing tufts on the upper sur face  of the wing and streamers 
attached to  the t ra i l ing edge. 
the vortex as i t  left the wing. 
The  a r r a n g e m e n t  of the 
The  por t s  w e r e  located approxi-  
These  tests c l ea r ly  revealed the location of 
A l so  visible in F igu re  5 is a n  explosive d ispenser  protruding f r o m  
the inboard port. 
clumping, t o  be d iscussed  later. 
which f i t  into the regular  chaff barrel. 
charge  of black powder ignited by a n  electr ical ly  activated squib. 
This  d i spenser  w a s  used  to  minimize the problem of chaff 
The d ispenser  was essent ia l ly  a hollow tube 
The chaff was  expelled by  a 1 / 2  g r a m  
In addition, a wing-mounted flare r ack ,  extending behind the t ra i l ing 
edge, was  a l s o  used to dispense the chaff. 
first used during s o m e  earlier prel iminary tests. 
charge  expels the chaff f r o m  the barrels. 
p re sen t  s e r i e s  of tests to fur ther  study the effect  of the dispensing techniques 
on the problem of chaff clumping. 
This  rack ,  shown in F igure  6, was  
An electr ical ly  activated 
The rack w a s  used during the 
C. Fl ight  T e s t  Set-Up 
A s  indicated e a r l i e r ,  the fl ight tests w e r e  conducted at Low level,  
approximately 200 feet, over CAL's  Newstead, N. Y . ,  r a d a r  site. 
wa ive r  . was  obtained fo r  the operation. 
flown at 90 mph with the flaps up, in o rde r  t o  produce as s t rong a vortex as 
possible. The  runs  began at a preselected init ial  point, which was  approxi-  
mately two miles downwind f r o m  the r ada r .  
was  used  to  communicate  with the aircraft during the tests in o rde r  t o  
simplify al ignment  of the flight path and the timing of the chaff release. 
An F A A  
During the runs ,  the aircraft was  
A portable VHF t ransce iver  
Two other  receivers w e r e  used t o  coordinate with the r ada r  
operator  and camera personnel. 
the runs ,  p r imar i ly  to  r e c o r d  the aircraft alt i tude,  measu red  with a ve r t i ca l  
m a r k e r  as shown in F igu re  7 ,  and to  r eco rd  the behavior of the vortex.  
Numerous photographs w e r e  taken during 
A 
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visua l  tracer technique w a s  devised using r e d  Day-glo paint pigment. 
pigment was  mixed with ta lcum powder and ejected f r o m  one of the chaff 
d i spense r s  as chaff was  simultaneously being ejected f r o m  another  d i spenser .  
In spi te  of the fact that  the phosphorescent pigment w a s  quite e a s y  to see,  
it w a s  ve ry  hard  to photograph. 
and high con t r a s t  black and white film, it w a s  found that  a 70 mm Hasselblad 
camera using a r e d  filter and Kodak Aerocon film gave a reasonable  image 
of the pigment. F igu re  8 w a s  obtained during a n  especial ly  low pass  made  
in  o rde r  t o  i l lustrate  the technique. 
of the vortex can  be seen  forming at the downst ream end of the trace. 
General ly ,  the visual  tracer could be seen  up  until  the point of vortex break- 
down. Occasionally,  this  took as long as 35-40 seconds.  
The 
A f t e r  t ry ingPolaro id  film and 35 rnm color  
The typical cyl indrical  l aminar  s t ruc tu re  
An instrumented tower was  used to  m e a s u r e  t empera tu re  and wind 
speed and direct ion during the runs ,  up to 50 feet over  the surface.  
was  done pr imar i ly  to  a s s u r e  that s t rong  windshear  o r  instabil i t ies w e r e  not 
present  at the lower alt i tudes.  Most  runs  w e r e  made  with winds of 5 mph o r  
less,  a necess i ty  s ince  the r ada r  b e a m  was  only approximately 40 feet  wide 
at the nominal test altitude. A 10 mph wind, fo r  instance,  would cause  a given 
par t ic le  to  d r i f t  completely through the fixed beam in approximately 3 seconds.  
This  
This  problem could have been alleviated if the existing r ada r  w e r e  
This  was ,  however,  to have been modified to provide a tracking capability. 
beyond the scope of the present  study. 
A hel ium filled weather  balloon with streamers attached w a s  
te thered a t  approximately a 200 foot altitude alongside the flight path, to  
check fo r  c rosswinds  aloft. 
requi red  flying d i rec t ly  into the wind over the r a d a r  and re leas ing  the chaff 
on the upwind s ide  of the beam. Any unknown c r o s s  wind could, therefore ,  
cause  the chaff to  miss the beam. This  w a s  especial ly  important  when the 
chaff release w a s  delayed in a n  a t tempt  to  let the vortex "age" before  it 
passed  through the beam. 
passing over  the trailer housing the r a d a r  j u s t  pr ior  t o  a chaff release. 
This  was  ve ry  important  s ince the technique 
F igu re  9 shows the Aztec on a typical run,  
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4. RESULTS AND DISCUSSION 
A .  Pre l imina rv  Discuss  ion 
Fl ight  tests w e r e  conducted on 10 sepa ra t e  days ,  during which some 
67 passes  w e r e  made  over  the r ada r .  
trials and r a d a r  da ta  w e r e  obtained on 38 runs.  
the r a d a r  r e tu rns  obtained during the ea r ly  runs  that the chaff was  not being 
drawn into a purely cyl indrical  pat tern,  as was  the visual  t r a c e r ,  fo r  example.  
In fact ,  the r a d a r  r e t u r n  appeared  to  be sp read  out ver t ical ly  over a dis tance 
of about 50 feet .  
that  a substant ia l  amount  of the chaff w a s  reaching the ground in c lumps 
similar to that  shown on the left in F igure  10. 
tion of the ver t ical ly  dis t r ibuted r ada r  r e t u r n  w a s  tha t  the fall ing chaff bundles 
w e r e  t ra i l ing off individual groups of f i laments  
speed and,  thereby,  becamedistr ibuted over a l a rge  distance.  
Chaff w a s  r e l eased  during 48 of these 
It became ve ry  evident f r o m  
A ca re fu l  s e a r c h  of the ground beneath the flight path revealed 
The most reasonable  explana- 
which fell at  a much lower 
It was  found that in s e v e r a l  cases, the thin paper s e p a r a t o r s  placed 
between the chaff bundles during Loading w e r e  remaining with the bundles 
r ight  down to the ground. 
the ejection process  and w e r e  preventing the chaff packages f r o m  being 
broken up by the flow over the wing. 
some  apparent  improvement  in the d ispersa l ,  as judged f r o m  the aircraft, 
bu t  it was  obvious that clumping was  still occurr ing.  
beveling the ends of the barrel  l i ne r s  shown in F igu re  4, i. e . ,  cutting off the 
ends of the l i ne r s  at a n  angle. The l i ne r s  w e r e  a l s o  allowed to protrude v e r y  
slightly above the wing surface.  
reached  the end of the tube, the f i laments  would be re leased  over a longer 
dis t r ibuted time period. Thus ,  those f i laments  on the sho r t e r ,  upwind s ide 
of the tube would be r e l eased  before  those on the opposite side.  A series of 
flights w e r e  then made  during which chaff was  r e l eased  by both types of d i s -  
pensers .  A Fastax movie camera was  mounted in the aircraft cabin and films 
of the dispensing process  w e r e  taken at approximately 1000 frames per second 
They w e r e  apparent ly  acting as windshields during 
Removal  of these sepa ra to r s  led to  
The next s t ep  involved 
This  change mean t  that  as the chaff packages 
12 
These  films showed that the or iginal  s cheme  allowed the bundles to  e m e r g e  t o  
a l a rge  extent  still intact. The bundles then tumbled back  along the wing s u r -  
face under the act ion of the s h e a r  flow in the boundary l aye r ,  with s a n e  
f i laments  s t reaming off in the process .  
matting and clumping which had been observed. 
s eemed  to c o r r e c t  this  problem to a l a rge  extent although dense  groups could 
still be seen  leaving the tube at intervals .  The d i ame te r  of the chaff f i laments  
s eemed  to have some  effect  on the clumping, with the small d i a m e t e r s  tending 
to  be  worse  than the l a rge  d iameters .  
The tumbling seemed  to lead t o  the 
The beveled d i spense r s  
The explosive d i spense r ,  descr ibed  earlier, was  a l s o  tested.  The  
chaff bundles left the end of the tube at a n  apparent  speed exceeding 500 feet  
pe r  second and the detai ls  of the breakup process  could not be observed. 
F r o m  the ground, however,  it w a s  possible to  see that  the clumps which 
w e r e  formed w e r e  moving around the vor tex  
observed when the chaff w a s  dispensed by  the piston-cylinder a r rangement .  
I t ,  therefore ,  s eemed  reasonable  to  expect that s m a l l e r ,  invisible c lumps  
and any single f i laments  w e r e  in f ac t  being entrained by the vortex.  The  
same type of phenomenon w a s  observed when the chaff was  dispensed f r o m  
the wing-mounted flare rack. 
instead of falling out as w a s  
T h e r e  was  some  concern  that the flare r a c k  might  substantially 
alter o r  des t roy  the uniform vortex flow behind the wing. 
tion of the v isua l  tracer seemed  to indicate tha t  t he re  w e r e  no apparent  
differences between the vor t ices  f r o m  ei ther  tip. 
pat tern fo rmed  by the pigment behind the wing rack. 
ve ry  short ly  after the passage  of the aircraft. 
f r o m  r ight  t o  left and two tubes of pigment w e r e  dispensed sequentially. The 
tracer on the r igh t  appea r s  to  be growing to the left, o r  ups t r eam,  while that  
on the left is still in the p rocess  of formation. 
However,  observa-  
F igu re  11 shows the 
The photo w a s  taken 
The aircraft flew through 
Since the chaff was  still not being ent i re ly  drawn into a thin cylinder 
around the vortex,  it became apparent  that  studying only the spa t ia l  dis t r ibu-  
tion of the r a d a r  r e t u r n  would not, as had originally been thought, indicate 
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whether o r  not a l a r g e  amount of chaff was  being entrained by the vortex.  
The  ideal  si tuation would, of course ,  have been the appearance of a r a d a r  
r e t u r n  f r o m  the chaff corresponding to  the visual  observations of the pigment. 
The r a d a r  r e tu rn ,  when combined with the visual  observations of the pigment 
entrained by the vortex,  did, however,  show that the re  definitely was chaff 
at the same altitude as the vortex. Therefore ,  a m o r e  detailed analysis  of 
the data  was cal led for.  That i s ,  although the chaff entrained by the vortex 
was surrounded by o ther  chaff falling f ree ly ,  it was felt  that  an analysis  of 
the Doppler r e t u r n  within the overal l  chaff cloud should provide a means  of 
distinguishing the r e tu rn  generated by the vortex.  
fo rmed  and i s  descr ibed in  the next section. 
This analysis  was  p e r -  
B. Analysis of Radar  Da ta  
The tape recordedDoppler  s ignal  t ime h is tor ies  were  played back 
through a n  oscil loscope and photographed. 
t ive samples  of such s ignals  as a function of range fo r  typical runs.  
f igures ,  each of the two horizontal  t r a c e s  r ep resen t s  a fifty-foot altitude 
interval ,  which is swept once per second. 
r e tu rn  is  c l ea r ly  evident in these photographs. 
F igu res  12 to 15 show rep resen ta -  
In  these  
The ve r t i ca l  extent of the chaff 
In o rde r  to obtain m o r e  information on the detailed s t ruc tu re  of the 
r a d a r  r e tu rn ,  expanded recordings of the s ignal  time his tor ies  were  obtained 
by mixing the received s ignal ,  which is cen tered  at 50 kHz, with a 49 kHz 
signal.  
d i rec t ly  on a fast oscil loscope c h a r t  r eco rde r .  
quency of 50 kHz was  t rans la ted  in the same  way and simultaneously recorded .  
A block d iagram of this processing technique is shown in F igure  16. 
speed of; 60 inches per  second was used s o  that  the t ime his tory obtained 
during each  one-second sweep of the range gate w a s  expanded over a c h a r t  
length of 60 inches. 
s ignal  over small range increments  (6 c h a r t  inches 5 foot r a d a r  range).  
The Doppler shift information can  be extracted by a d i r e c t  comparison of 
the frequency of the received s ignal  with the recorded  re ference  signal. 
The resu l tan t  product, a s ignal  centered around 1 kHz, was  recorded  
The r ada r  r e fe rence  f r e -  
A c h a r t  
The expanded scale  thus allows observation of the 
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Inspection of these expanded r e c o r d s  immediately revealed a n  
F o r  s e v e r a l  runs ,  many important  distinction between different  runs.  
consecutive sweeps exhibited ce r t a in  c l ea r ly  defined range intervals  extend- 
ing over 8 to 10 fee t  within which the r e t u r n  was  dis tor ted and the amplitude 
var ied  much m o r e  rapidly than at all other ranges  on the same trace. 
ex t r eme ly  rap id  var ia t ions in s ignal  amplitude,  which r e s u l t  f r o m  a l a rge  
sp read  in the frequency of the re turned  s ignal ,  indicate that,  as explained 
in Section 111-A, the scatterers have a l a rge  relat ive motion with r e s p e c t  
to  each  other. 
W h e r e  there  is no such s t rong relat ive motion, the envelope of the r e tu rned  
s ignal  is smooth and wel l  defined. The smoothly varying signal ampli tudes 
fo r  these sweeps are  at t r ibuted solely to the spa t ia l  var ia t ions of the r a d a r  
c r o s s  section of the chaff. 
These  
This  is a clear indication of the presence  of the vortex.  
F igu res  17 t o  20 i l lus t ra te  the two basical ly  different  types of 
r e t u r n s  which w e r e  observed.  F igu res  17 and 18 r e p r e s e n t  portions of 
the traces obtained f r o m  runs  19a and 54 where  the re  w e r e  no  s t rong  in- 
dications of the presence  of the vortex. In these t r a c e s ,  the envelope of the 
s ignal  is smooth and wel l  defined. In cont ras t ,  F igu res  19 and 20 ,  obtained 
f r o m  runs  47 and 56a, show the dis t inct  dis tor t ions in the s ignal  which can  
be  assoc ia ted  with the l a rge  Doppler sp reads  generated by the vortex.  
par t icu lar ,  attention is drawn to F igu res  20a and 20c where  the ab rup t  change 
in  the cha rac t e r  of the s ignal  is c l ea r ly  evident mid-way through the traces. 
In 
A brief analysis  w a s  made of the velocity spread  assoc ia ted  with 
the dis turbed regions of runs  47 and 56a, as wel l  as for  s e v e r a l  regions 
f r o m  runs  19a and 54. 
mately 1 foot, the number of z e r o  c ros s ing  of the s ignal  envelope around 
its average  value w e r e  es t imated  and, using Equation (6), the corresponding 
sp read  calculated.  
posite t a r g e t  along the direct ion of the r ada r  beam w a s  es t imated  f r o m  the 
m e a n  Doppler shift. 
difference in the velocity sp read  between the two pa i r s  of runs  is noted. 
This  can  only be a sc r ibed  to  chaff being retained in the vortex after the air-  
craft had passed  overhead, in the one case, and the absence  of significant 
Over a small range section, represent ing  approxi- 
Also,  f o r  all four runs  the m e a n  velocity of the com-  
The resu l t s  are shown in Table 11. The significant 
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amounts  of chaff in the vortex in the other case. 
assoc ia ted  with the smoothly varying s ignal  time h is tor ies  of runs  19a and 
54 can  be wholly at t r ibuted t o  spat ia l  var ia t ions in the chaff density. 
should be  pointed out that  the 8-10 range interval  corresponding to  the 
observed s ignal  dis tor t ions cannot be d i rec t ly  interpreted as the d i ame te r  
of the vortex. Th i s  is because  of the sphe r i ca l  na ture  of the wavefront in 
conjunction with the horizontal  sp read  of the t a rge t s  within the 10" beam. 
In addition, the vor t ices  w e r e  often observed to  be sinuous o r  ver t ical ly  
dis tor ted.  
The much smaller sp reads  
It 
By increasing the sweep speed of the oscil loscope, d i r e c t  expanded 
photographs of the s ignal  time h is tor ies  w e r e  obtained. 
obtained fo r  the four  runs  d iscussed  above, a re  shown in F igu res  21 to 24. 
The  t r a c e s  differ f r o m  the s t r i p  c h a r t  record ings  (i. e . ,  F igu res  17-20) in 
that the 50 kHz center  frequency has  been retained in these f igures .  
amplitude envelopes a re  thus smoothly defined in these photographs except  
in those regions where  the la rge  Doppler sp reads  d i s to r t  the signal. This 
"hash" seems cha rac t e r i s t i c  of the presence  of the vortex. 
examination of the individual pulse shapes ,  it is possible to c o r r e l a t e  the 
traces shown in F igu res  17 to  20 with the photographs in F igu res  21 to 24. 
This  has  been done and the regions on the photographs corresponding to  the 
data  displayed on the s t r i p  cha r t s  have been indicated by horizontal  ba r s .  
In all, 10 runs  have definitely been identified in which the la rge  shifts 
assoc ia ted  with the vortex occur  to some degree.  
the bas i s  of the s t r i p  c h a r t  recordings d iscussed  above. 
s e v e r a l  other  runs  show indications of "hash" on the d i r e c t  oscil loscope 
photographs, but  have not  been analyzed in detail.  
a relatively small amount  of chaff was  entrained in the vortex.  
These  t r a c e s ,  
The  
Through carefu l  
This  has  been done on 
In addition, 
In these runs ,  apparent ly  
After  performing the d i r e c t  analysis  d i scussed  above, the approxi- 
mate power s p e c t r a  of the s ignals  was  obtained by processing the magnetic 
tapes  in a n  available spec t rum analyzer .  The ana lyzer  cons is t s  of a bank 
of 250 filters, each  having a bandwidth of 4 Hz, covering a 1000 Hz 
frequency band centered  at 40 kHz. The  outputs of the bank of filters are 
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integrated and then sampled 6 t imes  per second by a rotating d r u m  assembly .  
A time constant  of 1 / 3  second (minimum fo r  the equipment) was  set  in each  
filter channel. 
frequency end of the band. 
rotating d r u m ,  is generated within the equipment and s e r v e s  to  d r ive  the 
x-axis of a n  oscil loscope. The output of the analyzer  is connected to  the 
y-axis of the scope. 
Each  filter is  sampled in sequence beginning with the low 
A l inear  sweep voltage, synchronized to the 
In o r d e r  t o  analyze the recorded  r a d a r  data ,  i t  was necessa ry  to 
heterodyne the 50 kHz s ignal  down to 40 kHz to  match  the center  f requency 
of the spec t rum analyzer .  
s ignal  with 90 kHz and selecting the lower sideband, 
frequency leads to a r e v e r s a l  in the Doppler spec t rum with approaching 
veloci t ies  now being assoc ia ted  with lower f requencies  r a t h e r  than the 
r e v e r s e  . 
This  was  accomplished by mixing the r a d a r  
Selecting this  difference 
Sample spec t r a  taken f r o m  two chaff-drop exper iments  a r e  shown 
in F igure  25. 
level ,  a sample  of the t ransmi t ted  r a d a r  s ignal  (center  of sweep) and 3 
frequency m a r k e r s  at 39. 60, 40 .0  and 40.20 kHz (the three  l a r g e  negative 
going signals).  
uti l ized gives a 60 Hz frequency shift  for  a velocity of 1 meter per second. 
Therefore ,  the total  sweep in each of the photographs r ep resen t s  16.6 
m e t e r s  per  second o r  0 t 8.3  meters per second with i e r o  velocity at the 
cen t r a l  position. 
ver t ical ly ,  using a l inear  scale. Taking into considerat ion the spec t rum 
reversal as explained above, downward velocit ies are to  the left of cen ter  
and upward velocit ies to  the right. F igu res  25 b and c r e p r e s e n t  motion 
in  the chaff during r u n  number 47, approximately 3 and 4 seconds after 
release. 
per second o r  35 f t  p e r  second at that time. Figures '25  d,  e ,  and f show s p e c t r a  
generated from run 56a at approxirra te ly  4, 5, and 6 seconds after chaff release. 
Again, there is a l a r g e  velocity s p r e a d  of the o r d e r  of 10 to 12 meters p e r  
second. 
experiments  and lend a g r e a t  deal  of support  to the r e su l t s  given previously.  
F igu re  25 a is a cal ibrat ion photograph showing the noise 
The Doppler t ransformat ion  of the specific r a d a r  being 
- 
The amplitude as a function of f requency is displayed 
Note tha t  there  is a total  velocity sp read  in excess of 11 meters 
The  s p e c t r a  shown are typical of many  obtained during the chaff 
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5. CONCLUSIONS AND RECOMMENDATIONS 
The present  study was undertaken in  o r d e r  to  evaluate the use  of the 
chaff Doppler r a d a r  technique in  making measu remen t s  in  wing t ip  vort ices .  
Two basic  criteria mus t  be met in  making such  measurements .  
chaff which is r e l eased  at the wing t ip mus t  be entrained by the vor tex  and 
m u s t  follow the  tangential  motions of the air in  the vortex.  
Doppler r a d a r  mus t  be capable of measur ing  the  velocity and location of the 
chaff within the vortex.  
move around the vortex in  stable,  d i sc re t e  orbi ts .  
would depend on the t e rmina l  velocity of the par t icu lar  type or  s i z e  of the 
chaff chosen. 
at a par t icu lar  rad ius  determined. 
could be measu red  and the dissipation, o r  decay period, determined. Both of 
t hese  points a re  important  in terms of meter ing  aircraft in  the ATC environ- 
ment.  
First, the  
Secondly, the 
If the chaff behaved ideally, the  f i laments  would 
The  radius  of the orbi t  
This  radius  could then be m e a s u r e d  by the r a d a r  and the velocity 
At the  s a m e  time, the  motion of the vortex 
The experimental  r e su l t s  obtained in the p re sen t  program,  using a 
shor t  pulse Doppler r ada r ,  have c l ea r ly  shown that  individual chaff f i laments  
dispensed a t  the wing t ips of a n  Aztec a i r c r a f t  are, in  fact, entrained by the 
wing t ip  vort ices .  
revealed the  p re sence  of l a r g e  Doppler sp reads  in re la t ively small regions of 
the  re turn .  
the wing t ip  vort ices .  
of the chaff which was r e l eased  f rom the wing t ip d ispensers  had a tendency to  
f o r m  clumps which hampered the determinat ion of the  detailed velocity p ro -  
files. That  is, instead of a l a r g e  number of individual chaff f i laments,  all 
with a fixed terminal velocity, orbiting the  vor tex  in a par t icu lar  cyl indrical  
shell ,  essent ia l ly  a cloud of chaff was  observed extending over a fa i r ly  broad 
range  interval.  The l a r g e r  clumps fell downward,trailing off smaller clumps 
and individual f i laments  ,and general ly  obscured the detai ls  of the behavior of 
the  f i laments  actually entrained in  the vort ices .  
detailed velocity prof i les  could not be obtained. 
An examination of the  r a d a r  r e tu rns  f r o m  the chaff has  
These  l a r g e  sp reads  a r e  assoc ia ted  with the high velocit ies within 
However, it was a l s o  found that  a substant ia l  percentage 
P r i m a r i l y  for  this  r eason  
However, it was possible  to  
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determine  the magnitude of the velocit ies i n  the vortex and, using a delayed 
release technique, the  change with age.  
a t ion in  terms of applications to  a i r c r a f t  spacing. 
This  would provide valuable inform- 
The  scope of the present  study did not allow a full  investigation of the 
ult imate possibil i ty of obtaining velocity profiles by u s e  of the chaff Doppler 
r a d a r  technique. However, a number of points became c lear .  First, the 
clumping problem was  alleviated somewhat by changes in the dispensing pro-  
cedure.  F u r t h e r  improvements  s e e m  likely with a m o r e  extensive investigation 
Secondly, the problem would be fur ther  alleviated when making measu remen t s  
behind a heavier  aircraft than the Aztec used in  the  present  study. The a s s o -  
c ia ted s t ronge r  vor t ices  should tend to  m o r e  completely en t ra in  the chaff 
clumps. 
pensing sys t em are  indicated. 
tracer used in the present  tests proved very  useful in determining the position 
and point of decay of the t ra i l ing  vortex.  It is recommended that future  vortex 
investigations incorpora te  both optical and r a d a r  tracers because of the 
complementary na ture  of the two sys tems.  
Thus,  fur ther  tests using a heavier  a i r c r a f t  and a n  improved d i s -  
It should be pointed out that  the s imple  optical 
The present  study a l so  identified seve ra l  des i rab le  modifications to  
the Doppler r a d a r  sys tem.  
Doppler r a d a r  incorpora te  range  gate and angle  t racking capability. 
facilitate measu remen t s  of the dissipation and breakup of the vort ices  over  
long time intervals .  
would be obtained if the antennas w e r e  modified to  produce a beam with an 
ell iptical  o r  fan shaped c r o s s  section. 
in te rva l  over  which the vor tex  is viewed by the r a d a r  and would assist in  
obtaining spat ia l ly  reso lved  velocity measu remen t s  e Also, the number of 
range  gates could be increased  and they could be swept m o r e  slowly and over  
a smaller interval.  
vor tex  and would, thus,  allow bet ter  definition of the  vortex cha rac t e r i s t i c s .  
F o r  future  tests, it is recommended that  the 
This  will 
In addition, be t te r  range  definition within the  vortex 
This would reduce  the s lan t  range 
This would r e su l t  in longer sampling times over the 
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PULSE R E P E T I T I O N  FREQUENCY 
ANTENNA BEAMWIDTH 
RECEIVER RANGE GATE 
DURAT I ON 
P O S I T I O N  
RANGE RESOLUTION C E L L  
NUMBER OF RANGE GATES 
RECEIVER N O I S E  F IGURE 
DOPPLER RECEIVER S E N S I T I V I T Y '  
RECEIVER DYNAMIC RANGE 
M I N I M U M  DETECTABLE 
DOPPLER RCS 
9.2 GHz 
1 w  
1 ns ( - 3  d B )  
2 MHz 
10" (TWO-WAY) 
1 ns ( -3  d B )  
VARIABLE FROM 0 TO 50 F T  
0.5 F T  ( -3  d B )  
3 
9 d B  
- 9 2  dBm ( S I N  = 1 )  
40 d B  
*DOPPLER S E N S I T I V I T Y  FOR EQUIVALENT N O I S E  












Tab le  I I 
DOPPLER VELOCITIES AND VELOCITY SPREADS 
DATA POINT 
ALT I TUDE 
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RADAR TRANSMITTING AND 
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Figure 3 CHAFF TYPES USED iN TESTS 
Figure 4 CHAFF DISPENSING UNIT 
Figure 5 DISPENSING PORTS ON WING TIP 
Figure 6 WING MOUNTED FLARE RACK 
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